An ab initio constant pressure study is carried out to explore the behaviour of cadmium sulfide (CdS) under high hydrostatic pressure. We have studied the structural properties of CdS using density functional theory (DFT) under pressure up to 200 GPa. CdS crystallizes in a wurtzite (WZ)-type structure under ambient conditions. CdS undergoes a structural phase transition from the hexagonal WZ-type structure with space group P6 ଷ mc to cubic NaCl-type structure with space group Fm3 ത m. Another phase transition is obtained from NaCl-type structure to the orthorhombic CdS-III-type structure with space group Pmmn. The first transformation proceeds via seven intermediate states with space group Cmc2 1 , P2 1 , Pmn2 1 , P2 1 /m, Pmmn, I4/mmm and Cmcm. The later transformation is based on two intermediate states with space groups Immm and P2 1 /m. These phase transitions are also studied by total energy and enthalpy calculations. According to these calculations, the phase transformations occur at about 3 GPa and 51 GPa, respectively. Calculation results on the other basic properties, such as lattice constant, volume, and bulk modulus are also compared with those of other recent theoretical and experimental data, and generally, good agreement with the available data is obtained.
Introduction
Cadmium Sulfide (CdS), one of the IIB-VIA semiconductor, has received considerable attention owing to their novel optical and electronic properties used in different technological fields such as solar cells, light emitting diodes, field effect transistors, photoconductors, infrared materials, sensors, energy storage materials and photocatalyst over the past few decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
At ambient conditions, CdS has three phases which are hexagonal greenockite wurtzite (WZ)-type structure with space group P6 3 mc, cubic hawleyite zincblende (ZB)-type structure with space group F4 ത 3m and cubic rocksalt (RS)-type structure with space group Fm3 ത m [2] .
In this paper, we studied the structural and electronic properties of WZ-type structure of CdS under high pressure. The Cadmium (Cd) and Sulfide (S) atoms are located in the same Wyckoff position 2(b) (1/3, 2/3, z) with z=0 and z=0,37715 [11] .
Over the recent years, a few groups have investigated phase transition mechanism of CdS using both experimentally [10, 11, 17] and theoretically [13, 16] . CdS undergoes a phase transformation from the WZ-type structure with space group P6 3 mc to the NaCl-type structure with space group Fm3 ത m at about 2-3 GPa [11, 13, 16] . Suziki et al. found that NaCl-type structure of CdS transforms to a new phase called CdS-III at 50 GPa [17] .
Benkhettou et al. [10] suggested that this phase has orthorhombic structure with space group Pmmn. Furthermore, Chen et al. [16] founded the CdS-III phase with Pmmn symmetry at above 51 GPa using the ab initio phonon and enthalpy calculations. In the present work, we propose a simulation study of the structural and electronic of CdS. For this material, our results yield the following sequence P6 ଷ mc → Fm3 ത m → Pmmn which is compatible with the other studies [11, 17] . Additionally we suggest that the Many experiments have been carried out by the researchers for a wide range of crystal systems in order to investigate structural and mechanistic properties. However, the structural and mechanistic phase transformations are not identified clearly due to the limitations of the experimental set ups which left the system unexplained beyond the experimental limitations.
In order to overcome these limitations, ab initio method which provides accurate and realistic results is chosen in this study. The phase transition of CdS and the electronic properties of F o r R e v i e w O n l y 3 different high pressure phases are studied by using the SIESTA code and a simulation study of the transformation mechanism of CdS is proposed.
Method of computation
All the DFT calculations were performed with Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [18] functional using the ab initio program SIESTA [19] . A conjugate gradient (CG) technique was used for minimization of geometries under a constant pressure. A cutoff energy of 300 Ryd was used in all calculations.
The self-consistent "norm-conserving" pseudopotentials were generated using the Troullier-Martins scheme [20] . In the calculations, double-zeta plus polarized orbitals were used for a real space grid. We used Γ-point sampling for the Brillouin-zone integration. For the energy-volume calculations, we considered the unit cell for CdS phases. The Brillouinzone integration was performed with 8 × 8 × 6, 8 × 8 × 8 and 8 × 6 × 10 k-point mesh for P6 ଷ mc, Fm3 ത m and Pmmn phases of CdS following the convention of Monkhorst and Pack [21] . We used these k-point meshes for the energy-volume calculations. The simulation cell consist of 72 atoms with periodic boundary conditions. These structures were allowed to relax and to find their equilibrium volumes and lowest energies for each value of the applied pressure by optimizing their lattice vectors and atomic positions. Geometries were relaxed until the forces on all atoms were less than 0.01 eV Å −1 and the stress tolerances were getting less until 0.5 GPa.
Conjugate gradient technique was used to apply external pressure to the system.
Pressure was increased with an increment of 5 GPa. In order to analyze each minimization step, KPLOT program and RGS algorithm was used [22, 23] that gives elaborated knowledge about cell parameters, atomic positions and space group of an analyzed structure.
Results and discussion
CdS crystallizes in a hexagonal greenockite WZ-type structure, cubic hawleyite ZBtype structure and cubic RS-type structure at ambient conditions. In this paper, we studied WZ-type structure of CdS under the hydrostatic pressure up to 200 GPa. Pressure was gradually increased beginning from the 0 GPa and the structure of CdS at each applied pressure was analyzed via the KPLOT program. CdS undergoes a phase transformation from the WZ-type structure with space group P6 ଷ mc to the NaCl-type structure with space group
Fm3 ത m at 10 GPa. Another phase transformation from the NaCl-type structure to the CdS-III structure with space group Pmmn was obtained at 165 GPa. Table 1 .
We plotted pressure-volume relation and pressure-lattice constants relation to determine the thermodynamic nature of the phase transitions for CdS in Fig Transition pressures obtained in constant-pressure simulations are noticeably larger than the experimental results. This result is anticipated because the simulation conditions such as loading rate, the limited box size, the lack of defects in the simulated structures and the use of periodic boundary conditions are significantly different from the experimental ones. As a result, the systems have to cross a significant energy barrier to transform from one phase to another phase. We then take the energy-volume computations into account so as to study the stability of high pressures phases of CdS. The third-order Birch-Murnaghan equation of state given by Eq. 1
was used to fit the energy-volume data for three structures of CdS. Where P is the pressure, V is the volume at pressure, Vo, Bo and ‫ܤ‬ ᇱ are the volume, bulk modulus and its pressure derivate at 0 GPa, respectively [24, 25] . The total energy as a function of volume is depicted Fig. 3 . Table 2 reports the equilibrium lattice parameters, equilibrium volume rates, bulk modulus and their pressure derivatives, together with the other theoretical and experimental data for all structures of CdS. It was found that the current theoretical lattice constant and bulk modulus are in good agreement with experimental data within 1-2 % that the choice of generalized gradient approximation for this study strongly supports to other theoretical and experimental results.
We used the Gibbs free energy ‫)ܩ(‬ in order to calculate the phase transition pressures from WZ to NaCl-type structure and from NaCl to CdS-III-type structure at 0 K. The Gibbs free energy is given by Eq. 2.
Where ‫ܧ‬ is the total energy, ܲ is the pressure, ܸ is the volume and ܵ is the entropy. We performed our calculations at 0 K, therefore, the ܶܵ term is neglected. Thus, ‫ܩ‬ equals to the enthalpy ‫)ܪ(‬ given by Eq. 3.
where ܲ = ‫ܧ݀−‬ ௧௧ /ܸ݀.
The intersection of two enthalpy curves shows a transition pressure between two phases. The phase transition pressures from WZ to NaCl-type structure is found to be about 3
GPa, and from NaCl to CdS-III-type structure is found to be about 51 GPa, and the related enthalpy versus pressure graphs for the all phases at CdS are depicted in Fig. 4 .
As a next step, we studied the atomic movement during the phase transformation by analyzing the modification of the simulation cell. We plot the variation of the simulation cell lengths and angles as a function of minimization step at 10 GPa and 165 GPa in fairly steady until 25 th minimization step. Afterwards, a noticeable increase is seen in ‫,|ܣ|‬ whilst a sharp decrease is noticed in ‫|ܤ|‬ and ‫.|ܥ|‬
In Fig. 5b , there is a dramatic decrease in ߙ angle at around 40 th minimization step to th minimization step. Afterwards, ߙ angle does not show much change. In the meantime, ߚ and ߛ angles stay fairly stable. The lattice lengths of ‫|ܤ|‬ and ‫|ܥ|‬ exhibit a decreasing trend whereas ‫|ܣ|‬ shows an increase in lattice lengths until 60 th minimization step. Then all the lattice lengths show a steady trend.
In order to investigate whether there is any intermediate state during the phase transformation or not, we analyzed the structure obtained in that study at each minimization step with KPLOT program. For the NaCl-type structure with space group Fm3 ത m of CdS, we determine an orthorhombic structure with Cmc2 ଵ symmetry at 11 minimization step, a monoclinic structure with P2 ଵ symmetry at 15 minimization step, another orthorhombic structure with Pmn2 ଵ symmetry at 33 minimization step, another monoclinic structure with P2 ଵ /m symmetry at 35 minimization step, another orthorhombic structure with Pmmn symmetry at 36 minimization step, a tetragonal structure with I4/mmm symmetry at 44 minimization step and another orthorhombic structure with Cmcm symmetry at 45 minimization step. The cubic NaCl-structure having Fm3 ത m symmetry forms at 53 minimization step.
For the CdS-III-type structure with space group Pmmn of CdS, we determine an orthorhombic structure with Immm symmetry at 10 minimization step and a monoclinic structure with P2 ଵ /m symmetry at 34 minimization step. The orthorhombic CdS-III-type structure having Pmmn symmetry forms at 105 minimization step. These intermediary states are depicted in Fig. 6 for evolution of the Fm3 ത m phase and in Fig. 7 for evolution of the Pmmn phase.
We calculated the electronic band structures (EBS) and corresponding total density of states (DOS) for CdS along the high-symmetry directions and illustrated near the Fermi energy ‫ܧ(‬ ி ) level as a function of energy in Fig. 8 and Fig. 9 , respectively. Fermi level was set to be 0 eV. The symmetry points are A, L, H, A, Γ, M, K and Γ for P6 ଷ mc phase, Γ, X, W, Γ, L, W and L for Fm3 ത m phase and Γ, X, S, Y, Γ, Z, U, R and T for Pmmn phase. As seen from EBS of CdS, the valance band is located below the ‫ܧ‬ ி level, while the conduction band is located above it.
Our results indicate that P6 3 mc phase of CdS corresponds to direct band transition with a band gap of 2.28 eV. Because the valance band maxima and the conduction band minima lie on the 
